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An automated gas chromatographic technique to measure the concentrations of
chlorofluorocarbon 113 (CFC-113 : CCI2FCCIF2) dissolved in seawater has been
developed. The method also quantifies chlorofluorocarbons 11 and 12 (CFC-11 : CCI3F,
CFC-12 : CCI2F2). Seawater collected from Niskin bottles in ground-glass syringes is
stripped by a gas stream and concentrated on a cryogenic trap. By isolating and heating
the trap the chlorofluorocarbon compounds are re-liberated and injected onto a high
resolution, wide-bore capillary, gas chromatographic column, followed by electron-
capture detection. The analysis time for each sample is less than fifteen minutes. Surface
seawater precisions are 2.9%, 2.4% and 1.2% for CFC-113, CFC-11 and CFC-12, with
detection limits of 0.003-0.004, 0.02 and 0.03-0.05pMol/l respectively. Estimates of the
solubility ratios of CFC-113:CFC-11 and CFC-113:CFC-12 are 0.303 and 1.22
(disagreeing with previous work) and the optimum CFC-113 'ventilation age' resolution
is +/- 0.9 years for both CFC-113/CFC-l 1 and CFC-113/CFC-12.
Results from field work in the North East Atlantic agree with previous studies in
exhibiting non-equilibrium surface saturations. The variation of this saturation is
significant because it is several times larger than the routine instrumental precision and
characterises the fluid entering the permanent thermocline. By use of a Kraus-Turner
mixed layer model the mechanisms producing this variability are investigated. The effect
of uncertainty in air/sea transfer kinetics and maximum mixed layer depth is examined and
the model results suggest that the CFC boundary condition for the main thermocline is
sensitively dependent on the conditions prevailing at the time of entrainment, as well as
the parameters used to model the tracer exchange. A mixed layer with an 800m depth of
maximum seasonal mixing has an initial CFC-113/CFC-l2 age of -2.5 years. The model
sensitivity to the initial state of the main thermocline fluid is also examined and the
modelled mixed layer has a memory of this condition of 3-4 years.
The behaviour of CFC ratio age tracers is investigated by use of a generic expression for
the evolution of ventilation age. Use of data from the North East Atlantic shows that non-
linear and diapycnal contributions are small and the balance in steady state is given by,
vi.Vit = 1 + KiVfx
where vi is velocity, x is CFC-113/CFC-l2 or CFC-113/CFC-l 1 age, Kj is a diffusion
coefficient appropriate to scales of order 500km and each term is evaluated on an
isopycnic horizon. Errors in the x fields prohibit estimates of y_i for the data available, and
always restrict the maximum observable velocity. The influence of isopycnic shear is
discussed and shown to be an additional limit to the utility of ventilation age tracers as a
means of diagnosing vj.
CFC-113 ventilation ages are used in combination with simultaneous dissolved oxygen
observations to derive Oxygen Utilisation Rate estimates. Reasonable results are obtained
for 27.1 < (79 < 27.325, but on deeper surfaces the consumption rates are too high. A
simple box model suggests this may be due to unsteadiness or to a saturating value of the
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Environment Research Council of the UK.compared to VIVALDI data. A simple analytical model of tracer invasion into an
homogeneous layer is developed in Section 5.2 which introduces important
parameterisations and provides a comparison in special circumstances for the more
general mixed layer model described in Section 5.3. The model sensitivity to
parameterisations and initial conditions is discussed in Sections 5.4 and 5.5. Section 5.6
attempts to compare VIVALDI surface data with the model results and the chapter is
concluded in Section 5.7.
Chapter 6 examines the influence of advection and mixing on ventilation age. A
simple diffusive box model (Section 6.2) provides a special case of more general
conditions developed in Section 6.3 in terms of a ventilation age evolution equation.
Section 6.4 uses data from VIVALDI to analyse the balance in this expression. The
influence of errors and the effect of isopycnic shear in the flow are discussed in Sections
6.5 and 6.6, with conclusions in Section 6.7.
Chapters 5 and 6 attempt to develop a basis for interpreting CFC-113 ventilation
age fields by examining the effects of some physical processes on CFC distributions. In
Chapter 7 the VIVALDI data presented in Section 4.3 are re-examined in the light of this
work (Section 7.2). Section 7.3 continues this analysis by examining oxygen utilisation
rates (OURs). Acceptable published values of OURs are used to imply features of the
CFC-113 ventilation age behaviour which is comparable to the simple diffusive model of
Section 6.2. The thesis is concluded in Section 7.4 and suggestions for future work
appear in Section 7.5.
16Figure 2.3. Diagram of CFC Analytical System.22propan-2-ol in an ultrasonic bath for twenty minutes. These were then soaked in strong
detergent solution for three days, rinsed in distilled water and propan-2-ol, and baked at
80°C for twenty four hours (higher oven temperatures can damage the rubber in the '0'
rings). The bottle bodies themselves were washed with a commercial high pressure
cleaner drawing detergent solution through a solvent feed. After hanging the bottles out to
dry they were reassembled and left open, outside, to age for two weeks.
The Segma 100cm
3 ground glass syringes and Rocket Luer-lock taps were treated
initially then every other cast as follows. Firstly they were rinsed well in fresh water with
the syringe barrels and pistons separated. They were then left soaking in strong, warm
detergent solution for eight hours whilst the taps were treated in the same solution
ultrasonically. After copious fresh water rinses both syringe barrels and pistons and taps
were washed in propan-2-ol and finally left to dry in an oven at 100°C. Note that fresh
water was used at sea rather than the high purity de-ionised water available because it was
found that the ion-exchange resins were a potent source of CFC-113. As parts of the
sampling system become greasy contamination problems become more frequent (see
Section 4.2.1). This is because the species of interest are significantly more soluble in
non-aqueous solvents than they are in natural waters. When sampling in regions of high
biological productivity the frequency with which the sampling apparatus was cleaned
increased in an attempt to maintain the integrity of the syringes, taps and Niskins.
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33with before-release and after-release chamber air are purged for several minutes. (The
cylinders are attached to pump 2 at the pillar valve and open at the bottom end.) With the
before release cylinder attached to pump 2 a stop-watch is started. After two minutes
(three e-folding scales for purging) the bottom end of the before-release cylinder is
capped and once the cylinder has been brought to pressure (30 seconds or so) the cylinder
pillar valve is closed. This cylinder is capped, the after-release cylinder connected to the
outlet of pump 2 with its bottom end cap removed, and pump 2 switched off. The weight
is allowed to fall and crush the ampoules and, after two minutes to allow mixing, pump 2
is switched back on. The after-release cylinder is purged for five minutes (7.5 e-folding
time scales) before being capped at its bottom end, brought up to pressure and sealed. At
this point measurements of the chamber air temperature and pressure are made. Finally
pump 1 is switched on for several hours in order to thoroughly ventilate the chamber
ready for the next release.
The cylinders used for all standards are Whitey 304 L stainless steel 1 gallon or 1
litre aliquots, fitted with Nupro type 'H' or 'HK' bellows type pillar valves which also
have copper stems. The cylinders are electropolished and the pillar valves dismantled,
wiped free of lubricant with a clean cloth, rinsed in propan-2-ol and baked in an oven.
Pump 2, used to draw down chamber air into the laboratory, is fitted with stainless steel
bellows and connected to the cylinders with a Teflon tube. In addition, all likely sources
of electron capturing chemicals are removed from the laboratory before analyses were
made. Comparison of measurements taken from before-release air and chamber syringe
samples demonstrate that neither the cylinders, tubing nor pump are a source of CFC
contamination to within the GC uncertainty limit.
3.3.2. Preparation of Primary Standard Ampoules.
A diagram showing how the ampoules are prepared is shown in Figure 3.4. A
calibrated volume is filled with each CFC species at a low pressure and this gas is
transferred into a glass ampoule which can be easily sealed. By measuring the
temperature and pressure in the volume the number of moles of species in the ampoule is
determined (perfect gas behaviour is assumed). The amount of CFC in the ampoules is
calculated to be such that when the sample is diluted in the chamber the ECD responses
are close to those observed when a sample of saturated surface sea water is analysed.
After fully evacuating the vacuum system, a small amount of the relevant CFC
species is released to give a pressure of about 100mb. The apparatus is then fully re-
evacuated with the valves at each end of the calibrated volume open. This flushing
procedure is repeated twice more to ensure that the remnant background pressure is due to
the CFC of interest. After preparing the apparatus in this way the ampoule valve is closed
and enough CFC is released to pressurise the system to the desired level. The calibrated
volume is then isolated from the main chamber and by placing the ampoule in a dewar of
34r
Mercury
manometer To Barocell
Valve
Flask
Main vacuum chamber
To vacuum
pump
CZH
Calibrated
volume
Glass
ampouleh(Mel) = HMeI exp j
(t
l "2
to)| 4.2.3a
with ti, to, a and HMel defined in Figure 4.4. This form of peak shape and
interaction is very simple, and is probably the least certain assumption in the whole
exercise. For this reason the corrections for variation in [a]surf and the contribution to
fr°
m CFC-113 (explained in the caption of Figure 4.4) are inappropriate.
Figure 4.5(a) shows a plot of 113X11 and 113X12 versus h(Mel) for every
VIVALDI station with surface data. It is evident that the hypotheses of Equations 4.2.1
and 4.2.3a, with the assumptions outlined above and on Figure 4.4, can account for a
substantial part of the variation noticed in 113X11 and 113X12. With this confirmed
CFC-113 peaks can be corrected due to the contribution from Mel. CFC-113 results for
which 1 < h(Mel) < 10 are considered to be slightly contaminated, and the surface values
are corrected by the fitted functions drawn in Figure 4.5(a). Those samples for which
h(Mel) < 1 are considered uncontaminated, whilst samples with h(Mel) > 10 are
discarded. Data for which h(Mel) < 10 are used for the factor-X calculations of Section
4.3.2.
The fitting functions derived from surface data are also used to correct deeper
samples where the CFC-113 age, and hence [a]atm and [113]atm of Equation 4.2.2, are
unknown (the correction depends on the chromatogram parameters only). In total,
CFC-113 values from twenty bottles and eight stations, for which 1 < h(Mel) < 10, are
corrected in this way. The maximum correction applied is 20%, and two thirds of the data
are adjusted by less than 3%. Figures 4.8(c) and (d) and the discussion in Section 4.2.4
show examples of this. Apart from these corrections, no other adjustments based on the
model of impinging peaks are made; Figure 4.7 is a map of the VIVALDI region with
those stations sampled whose CFC-113 data is considered to be acceptable based on these
criteria. The total number of CFC-113 datapoints eliminated as a result of Mel
contamination is about 33%.
Figure 4.5(b) shows the absolute residuals for 113X11 and 113X12 calculated from
the difference between the observed values and the fitted functions drawn in Figure
4.5(a). The residuals for 113X12 show an increase at high values of the modelled
contribution demonstrating that it is this area where the fit is poorest. Since the residuals
in 113X11 show no such variation, no firm conclusions can be reached about the
shortcomings of the modelled interaction. Nevertheless, it is possible that these
observations can be explained by an increasing contamination of the CFC-12 peaks,
whereas the CFC-11 peak is always distinct enough to be independent of adjacent peaks,
i.e. for those peaks where CFC-113 and Mel are poorly separated so too is CFC-12 from
its neighbours.
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BELOW -1idominate any estimate of isopycnic velocities for large speeds; in fact, the current
analytical precision severely limits the magnitudes of velocities which can be faithfully
resolved. Section 6.6 shows that, in a sheared flow, the direction of the flow cannot be
determined from the tracer data; the velocity field derived from the tracer age distribution
is divergent when the true flow is sheared. The salient point of this chapter is, therefore,
that knowledge of CFC-113 ventilation age fields is generally insufficient for
determination of the flow; it is difficult to invert x for velocity.
One final remark merits consideration. The error in viT given by Equation 6.4.4 is
considerably less than the error in viP, where P is another steady, conservative tracer
(e.g potential temperature, salinity). This is because,
KiVfp
viP = — 6.7.1 ' ViP
is a direct result of the advection/diffusion balance for P (i.e. D(P) = 0). Although
one may be able to measure P much more precisely than x, by adding the chronological
2
term to KjV. x the overall error in the numerator of the right hand side of Equation 6.4.4
is much reduced (and hence in vix too). If, in addition, IViX.ViPI < 1 then by use of both
x and P fields the isopycnic velocity can be resolved, i.e. ViP and Vix are in different
directions, allowing Vj to be determined. In general, however, IViX.ViPI = 1 for usable P
because they have similar boundary conditions, set in the mixed layer (Section 7.3
examines this assertion when property P is dissolved oxygen).
113VJ for this calculation and Figure 7.3 uses a constant value of lcm/s. Choice of a larger
(or smaller) VJ, simply decreases (or increases) the y-axis scale. By allowing a sheared yj
with pressure, the relative importance of diffusion with depth alters. For example, lyjl of
2cm/s near the surface and lcm/s at lOOOdb doubles the relative contribution from
diffusion at lOOOdb with respect to the surface. Whatever the choice of VJ(Z), however,
the diapycnic diffusion term is always small compared to the isopycnic contribution, and
hereafter its effect is disregarded.
Based on these data a suitable balance for the O2 budget is thus,
KiV^O2 « J + vi.ViO2 7.3.8.
Combining with Equation 6.4.3 in the same way as above yields,
This form for J is much harder to calculate than the advective limit expressed in
Equation 7.3.7. There are large uncertainties in the isopycnic diffusion terms, and VJ is
undetermined (at least by the tracer fields). Nevertheless, deductions can still be made
with regard to the behaviour of x. Consider the balance of terms in Equation 7.3.9 as they
vary with pressure. Figure 6.3(a) shows that KjV. x is reasonably constant with pressure,
and KjV. O2 has comparable values on the deepest and shallowest isopycnals with
constant yj (Figure 7.3). J, however, increases from plausible surface values to rates on
the deepest two surfaces which are an order of magnitude too large, as evinced by Figure
7.2. One may argue that this is a reflection of the strong shear between the surface and
~1200db. Isopycnic diffusion could then dominate the oxygen budget and increase the
numerator of Equation 7.3.9 and hence the value of J. Saunders (1982) asserts that a
deep level (>3000m) of no motion exists in the north east Atlantic, and the shear is such
that the velocities at 1200db are reduced by a factor of about three from the near surface
values (his Figure 9). This is insufficient to explain the large increase in J at these depths.
A more convincing explanation is that the suitability of Equation 6.4.3 (reproduced
above), and hence Equation 7.3.9, is doubtful. Equations 6.4.1 or 6.4.2 may be more
appropriate, where the possibility of non-zero 3- is admitted, and the advection of age
may be less important. A comparison with the simple mixing model of Section 6.2 is
dx
provoked, where 37 ^ 0 and a maximum observable ventilation age exists when x is of
order the characteristic time for the transient tracer itself (certainly the case here). In these
circumstances x is far from the ideal steady clock, reliably timing the consumption of
oxygen, and this can explain the discrepancy in OUR values.
120CFC-113 ventilation age could be studied. In particular, the effects of baroclinicity and
unsteadiness could be investigated. The use of CFC fields as constraints on circulation
models conceived by other methods may be a fruitful area of future study. Although
transient tracer fields themselves cannot be used in formal inverse calculations which
assume a steady state, the derived ventilation ages may prove to be useful however, at
least for those parts of the ocean which have a well defined, steady age. Finally, it is
worth remarking that the CFC replacements, which are less polluting and now in
preparation, may well have a greater utility because for those species the analytical
instruments and conceptual models will already be in place.
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